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INTRODUCTION 

This r epor t  p re sen t s  t h e  technology methods used a t  the  NASA Plum Brook r e a c t o r  
(PBR) t o  ana lyze  coa l  by neutron a c t i v a t i o n  ana lys i s .  
t he  Environmental P ro tec t ion  Agency (EPA) Div is ion  of A i r  Su rve i l l ance  a t  Research 
Tr iangle  Park ,  North Carolina,  by t h e  NASA Plum Brook r eac to r  at Sandusky, Ohio, 
under a n  interagency agreement. Unfor tuna te ly ,  t he  work was te rmina ted  in January 
1973 when the  Plum Brook r eac to r  was closed. 

The work w a s  performed fo r  

The genera l  scheme o f  ana lys i s  - sample p repa ra t ion ,  i r r a d i a t i o n ,  and sample 
counting - is descr ibed .  The d i scuss ion  of da t a  reduct ion  inc ludes  the  computerized 
method, i n t e r f e rence  c o r r e c t i o n s ,  and the  p rec i s ion  and accuracy of t h e  method. 
Some t y p i c a l  t r a c e  element r e s u l t s  a r e  given f o r  coa l ,  f l y  a sh ,  and bottom ash. The 
manpower requirement f o r  t h e  a n a l y s i s  of 1000 samples per  year  i s  s t a t e d .  

0 

0 p1 

w 

m 
THE ANALYSIS SCHEME 

Figure 1 shows t h e  o v e r a l l  a n a l y s i s  scheme used a t  PBRF t o  analyze coa l  and f l y  
ash samples by neutron a c t i v a t i o n  ana lys i s  (NAA). (These same techniques and meth- 
ods, with only s l i g h t  modi f ica t ion ,  were used f o r  t h e  N U  of kerosene ,  j e t  f u e l ,  
gaso l ine ,  f u e l  o i l ,  r e s i d u a l  o i l ,  o re ,  a i r  p a r t i c u l a t e s  on f i l t e r s ,  bottom ash,  sand, 
clam t i s s u e ,  corn ,  cement, l imes tone ,  s t ack  scrubber water, crab s h e l l s ,  and r i v e r  
water . )  

The bas i c  procedure used two a l i q u o t s  of t he  sample.  One a l i q u o t  was encapsu- 
l a t e d  in a polyethylene v i a l ,  t h e  o t h e r  i n  a syn the t i c  quar tz  (Supras i l )  v i a l .  The 
polyethylene v i a l ,  conta in ing  50 t o  100 mill igrams of coa l  (10 mg or less of f l y  
a sh ) ,  was i r r a d i a t e d  f o r  5 minutes i n  a thermal neutron f l u x  of 1.5.1014 n/cmz/sec. 
Then the  i r r a d i a t e d  sample was counted a t  decay times of -5 minutes ,  -30 minutes,  
and 24 hours. The quar tz  v i a l  was i r r a d i a t e d  f o r  12  hours i n  the  same f l u x  and 
counted at  about 3 weeks decay. 

Samples were counted on a 4096 channel g a m a  ray  spectrometer us ing  a Ge (Li) 
de tec tor  with a c r y s t a l  diameter of 35 m and length  of 27 mm. 
d i s tances  ranged from 3 t o  40 cm, with de t ec to r  dead time r e s t r i c t e d  t o  .20% when- 
ever poss ib le .  
1 keV/channel and maintained at z1 channel or l e s s .  

Acceptable counting 

The d e t e c t o r  r e s o l u t i o n  w a s  3 keV with l i n e a r i t y  ad jus t ed  t o  

DATA REDUCTION 

Altogether t h e r e  were two i r r a d i a t i o n s  a s soc ia t ed  w i t h  each p o l l u t i o n  sample,  
and four  counts - 5 minutes,  30 minutes,  24 hours ,  and 3 weeks decay. Each count of 
each a l iquo t  produced a paper tape .  Each t a p e ,  along wi th  informat ion  regarding de- 
cay time, count t i m e ,  f l u x  l e v e l ,  sample weight ,  counting d i s t ance ,  and o ther  param- 
e t e r s  was processed through t h e  da t a  r educ t ion  code "SPECTRA."(l) Computing t i m e  on 
an  I B M  360 Mod 67 w a s  under 1 minute f o r  a l l  fou r  t apes  a s soc ia t ed  with one sample. 
Data were repor ted  t o  EPA as p a r t s  per mi l l i on  of each t r a c e  element i n  the  sample. 
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INTERFERENCE CORRECTIONS 

EPB desig. ate-, the eler.ents Eo,, Se,  a s ,  as "very hazardniis." As a r e s u l t ,  w e  
devoted much a t t e n t i o n  t o  t h e  accu ra t e  de te rmina t ion  of t h e s e  four  elements by NAA. 
We found t h a t ,  in c o a l ,  both selenium and y t te rb ium i n t e r f e r e d  with t h e  de t ec t ion  of 
mercury; ytterbium i n t e r f e r e d  wi th  selenium; and bromine and antimony i n t e r f e r e d  
W I L L ,  arseziic. ...I ..I. 

The appendix t o  t h i s  paper d e s c r i b e s  how f a c t o r i a l  experiment design techniques 
were used t o  der ive  empi r i ca l  c o r r e c t i o n  f a c t o r s  needed f o r  t h e  accu ra t e  determina- 
t i o n  of Hg, S e ,  and As. 

PRECISION AND ACCURACY 

Table 1 shows t h e  s tandard  dev ia t ion  and t h e  range oi counting p rec i s ion  asso- 
The s tandard  dev ia t ion  i s  c i a t e d  wi th  thz  de te rmina t ion  of t r a c e  elements i n  coa l .  

based on f i v e  a l iquo t s .  

Table 2 provides information on t he  accuracy of the NAA methods. Resul t s  of 
NAA of NEIS s tandard  r e f e r e n c e  materials ( t r a c e  elements i n  a g l a s s  matrix) a r e  com- 
pared with c e r t i f i e d  and i n t e r i m  NBS va lues .  Other elements repor ted  t o  EPA were 
f r equen t ly  checked wi th  homemade s t anda rds  and with s t anda rds  submitted by EPA. 

TYPICAL TRACE ELEMENT RESULTS 

Tables 3.1 t o  3 . 4  show t h e  form of computer ou tpu t s  t y p i c a l l y  obta ined ,  one f o r  
each of t he  four s p e c t r a  a s soc ia t ed  wi th  one sample. The d a t a  inc lude  the  PBR sam- 
p l e  number, the EPA i d e n t i f i c a t i o n  number, and t h e  inpu t  d a t a  requi red  f o r  the  com- 
pu te r i zed  da ta  reduct ion .  The t h i r d  column shows t h e  56 elements t h a t  were rou- 
t i n e l y  repor ted .  
s tandard  devia t ion  at l o  i n  ppm. 

Column fou r  g ives  t h e  r e s u l t s  i n  ppm, and column 5 g ives  the  

Typical r e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  4 f o r  seven coa l  samples ,  bottom ash ,  
and f l y  ash.  
i so topes  a c t u a l l y  de t ec t ed .  
i r o n ,  aluminum, barium, potassium, manganese, sodium, rubidium, t i n ,  t i t an ium,  
thorium, uranium, vanadium, and zirconium are concent ra ted  i n  f l y  ash.  
t i o n a l  comment regard ing  uranium and thorium: 
a c t i v e  and a r e  a -emi t te rs .  For each ton of c o a l  burned, t h e  p o t e n t i a l  hazard e x i s t s  
of e m i t t i n g  0.3 c u r i e s  of a - a c t i v i t y ,  based on 1 ppm of uranium i n  coa l .  

The r e s u l t s  a r e  given i n  ppm. The elements are l i s t e d  along with the  
Examination of t h e  d a t a  shows t h a t  calcium, cerium, 

An addi- 
t hese  elements a r e  n a t u r a l l y  radio- 

No element in t a b l e  4 shows a higher concent ra t ion  i n  t h e  bottom ash than i n  
cne f i y  ash .  

THE ANALYSIS CAPABILlTY 

The a n a l y s i s  c a p a b i l i t y  developed a t  t h e  Plum Brook r e a c t o r  w a s  geared t o  ana- 
l yze  1000 samples per  year as a p a r t  time e f f o r t .  
developing the  technology to handle and i r r a d i a t e  a l a r g e  v a r i e t y  of p o l l u t i o n  
r e l a t e d  samples with a minimum of manpower. 
were i r r a d i a t e d ,  counted, and r epor t ed .  
3.5 hours per  sample  
sample wi th  56 elements r epor t ed .  

The program was a l s o  geared t o  

During a t y p i c a l  work week, 24 samples 

Computer running time amounted t o  approximately 1 minute per  
To ta l  manpower expended averaged 3.0 t o  

CONCLUDING REMARKS 

The trace element a n a l y s i s  of coa l  u s ing  NAA h a s  been shown t o  be an accu ra t e ,  
r e l i a b l e ,  and ins t rumenta l  method of a n a l y s i s .  
developed t o  permit t h e  a n a l y s i s  of up t o  56 t r a c e  elements i n  each of 1000 samples 

The a s soc ia t ed  technology was a l s o  
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per  year as a part-t ime e f f o r t .  
power requi red  t o  3.0 t o  3.5 hours pe r  sample. 

Computerized da ta  r educ t ion  reduced t h e  t o t a l  man- 

APPENDIX - INTERFERENCE CORRECTIONS FOR MERCURY, SELENIUM, AND ARSENIC 

by Anne Bodnar 

The elements Hg, Se, A s ,  and Cd a r e  designated as "very hazardous" by EPA. 
This appendix desc r ibes  the  method used t o  der ive  t h e  complex c o r r e c t i o n  f a c t o r s  re- 
qui red  t o  achieve an accu ra t e  determination of Hg, S e ,  and A s  by NAA. Cadmium d i d  
not r equ i r e  any s p e c i a l  i n t e r f e rence  co r rec t ions .  

We de tec t ed  an accuracy problem with t h e  de te rmina t ion  of Hg i n  c o a l .  A count 
a t  5 t o  6 weeks decay time produced a Hg r e s u l t  ranging from 2 t o  10 times smaller 
than the  va lue  obta ined  a t  3 weeks decay. A co r rec t ion  f o r  Se  i n t e r f e r e n c e  on H 
w a s  being made, b u t ,  because of t h e  s i m i l a r i t y  i n  t he  ha l f - l i ves  of Hg203 and S e  5 ,  
the  low Hg r e s u l t s  a t  6 weeks decay could not be explained. 

A search  of t h e  Nuclear Data Tables(2) 
~ b 1 7 5 .  Not only d i d  t h e  282-keV peak of Ybl75 i n t e r f e r e  wi th  HgZo3 bu t  a l s o  t h e  
400.7-keV peak of Se75 i n t e r f e r e d  wi th  the  396-keV peak area of Yb1'5, which was 
used fo r  the  Yb co r rec t ion  on Hg203. 
i n t e r f e red  wi th  the  264-keV peak a r e a  or Se75, which is used i n  t h e  c o r r e c t i o n  on  
Hg203 (peak area  a t  279 keV). 
t h e o r e t i c a l  co r rec t ions .  

9 

roduced another  i n t e r f e r e n c e :  4.2-day 

In  a d d i t i o n ,  another  Yb i so tope ,  32-day Yb169 

These d i sc repanc ie s  were not  e l imina ted  by us ing  

F i n a l l y ,  t he  problem w a s  reso lved  by i r r a d i a t i n g  s tandards  and mixtures  of 
s tandards  i n  a f a c t o r i a l  experiment. The experiment des ign  was a f u l l  f a c t o r i a l  ex- 
periment with t h r e e  v a r i a b l e s  (Hg, Se ,  Yb) a t  two l e v e l s ,  wi th  r e p l i c a t i o n ,  and with 
a cen te r  point added t o  t es t  h igher  o rde r  e f f e c t s .  The h igh  l e v e l  w a s  s e l ec t ed  as 
100 micrograms (up), t h e  low l e v e l  as 10  ug. Table A-1 shows t h e  t r ea tmen t s  t h a t  
were used. 

Regression ana lys i s  on the  da t a  w a s  used t o  es t imate  t h e  c o e f f i c i e n t s  i n  a pre- 
The dependent v a r i a b l e  w a s  chosen as t h e  d i f f e r e n c e  between d i c t i v e  model equat jon .  

t he  computer ca l cu la t ed  va lue  for  Hg (or  S e  o r  Yb) and t h e  t r u e  va lue .  Independent 
va r l ab le s  were the  o the r  two elements p lus  p l aus ib l e  i n t e r a c t i o n s  ( e .g . ,  t h e  in t e r -  
ac t ion  of Se-Yb on tip).  The c o e f f i c i e n t s  der ived  f o r  t he  p red ic t ive  equat ions  
served a s  the  b a s i s  f o r  t h e  empir ica l  co r rec t ion  of  Yb on Se and v i c e  ve r sa ,  and 
Yb-Se on Hg. Table 12-2 compares the  t h e o r e t i c a l  co r rec t ion  f a c t o r s  w i th  t h e  f i n a l  
form of the  co r rec t ions  based on the  empir ica l  da t a .  
t o  t h e  SPECTRA computer program. The program w a s  then t e s t e d  by i r r a d i a t i n g  and 
ana lyz ing  o t h e r  known samples. 
conten ts .  The method now a l lows  us  t o  determine Se and Hg i n  t h e  presence  of  i n t e r -  
f e rences  which may be t e n  times g r e a t e r  i n  quant i ty .  

A s p e c i a l  sub rou t ine  w a s  added 

The ca l cu la t ed  va lues  agreed wi th  t h e  known sample 

This same technique has been used t o  determine a r s e n i c  i n  t h e  presence  of 
bromine and antimony. 
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TABLE A-1 

Treatment 

1 
2 
3 
4 
5 
6 
7 
8 

Repl i ca t e s  
4 
7 
8 

Center point 

Se  Hg 

-1 -1 
+1 -1 
-1 +1 
-1 -1 
+1 +1 
-1 +1 
+1 +1 
+1 -1 

-1 -1 
+1 +1 
+1 -1 
CP CP 

Yb 

-1 (-1) i n d i c a t e s  low l e v e l ,  10 pg 
-1 
-1 ( + l j  i n d i c a t e s  high l e v e l .  100 uK 
+1 
-1 
+1 
+1 
+1 

cp indicates (High l e v e l  + low l e v e l  
2 

+1 
+1 
+1 
CP 

TABLE A-2 

1, Theore t ica l  c o r r e c t i o n s  fo r  S e  and Yb in t e r f e rences  on Hg 

1. A, = A,, - 0.0369 X 
2. Bc = BU - 0.118 A, 

3. Dc Du - 0.959 Bc - 0.387 Ac 

2. Empirical form of Se and Yb co r rec t ion  f a c t o r s  f o r  i n t e r f e rence  on Hg 

1. Ac = AU - 0.0433 X 
2. Bc = 0.443(Bu - 0.118 Ac) 

3.  Dc = DU - 1.65 Bc - 0.387 Ac 
I 

where Ac = selenium 264.6 KeV a r e a  cor rec ted  f o r  Yb169 

= ne t  a r e a  of selenium (264.6 K e V ) ,  uncorrected 

= ne t  a r e a  o f  Yb;'; at 177.2 KeV X 

B, = yt te rb ium 396.1 KeV area  cor rec ted  for  selenium (264.6 KeV) 

Bu = ne t  a r e a  of yt te rb ium (396.1 KeV) uncorrected 

Dc = mercury 279.1 KeV a rea  cor rec ted  f o r  selenium.and y t te rb ium 

Du = ne t  a r ea  of mercury (279.1 KeV) uncorrected 
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TABLE 1. - PRECISION OF EPA ROUND ROBIN COAL SAMPLE 

Element 

T i  
V 
A l  
S 

U 
Ba 
Sr 
I 
Mn 
Mg 
N a  
c1 
Ca 

c u  
As 
BK 
K 
Cd 

C e  
Se 
Hg 
C r  
cs 
Ag 

Z K  
Zn 
Fe 
co 
Sb 
N i  

PPm X s t d  dev (lo) 

1 312 
36 

1 5  700 
c30 500 

0.98 
340 

93  

38 
890 
370 
7 50 

4 070 

14 

20. 
3 500. 
<55 

2 . 8  

5.9 

1 7 . 3  
3.8 
0.95 

1 9  
2.6 

~ 0 . 4  

70 

7 520 
7.5 

5.5 
6.4 

‘65 

12  
11 

9 
50 

a 
12 
10 
14  

7 

9 
10 
1 4  

6 
9 

15 
10 
23  

5 
13 
10 
4 
3 

25 

55 

2 
15 
24 
31  

za 

-- 

Range of  count ing  
p rec i s ion  a t  

1 s t d  dev, 
% 

10-20 
5-10 

0.6-1 

8-12 

8-11 
12-30 

0.5 
12-33 

2 -3 
2 

8-15 

3-5 
10-12 

9-12 
3-4 

5 -a 

----- 

1-2 
25-33 

7-40 
3-5 
8-10 ___-_ 

----- 
33 
1 

1-13 
8-15 _-_-- 

TABLE 2.  - COMPARISON OF NBS STANDARD REFERENCE MATERlALS WITH PBR RESULTS 

NBS 610*/PBR NBS 612/PBR NBS 614lPBR NBS 616/PBR 

Antimony 
Cerium 
Cobalt 
Europium 
Gold 
Lanthanum 
Thorium 
Scandium 
S i lve r  

--- 
(39)/37?2 
(35) /31+1 
(36)/26+1 
(5 ) /4 ,7 t l  
(36)/35+15 
37.6+.09/31.2+1 --- 
22 .0+ .am+7  

(1.06) /1. It. 1 

0.73+0.02/0.59+.006 
0.99r.04/1.1?.6 
(0,5)/1.0,.8 
O.L3+.02/<2 
0.746+.007/0.58?.15 
0.59+.04/0.68t.23 
0.46+.02/0.57+.07 

--- 0.078t.007/0.12+.02 -_- 

--- 
--_ 

0.025+.004/0.018~.002 
0.026t.OU/Oc 020+ .004 

--- 
NBS va lues  i n  parentheses are in t e r im  va lues  f o r  var lous  reasons .  Others  are cer- 

t i f i e d  va lues .  
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Figure l. - Flow chart showing scheme for sample irradiation, counting, and data reduction of coal samples. 


